We examined spatial and temporal variations in particulate organic matter (POM) dynamics over a fringing coral reef (Ningaloo Reef) in Western Australia during the austral autumn and spring. Total POM concentrations generally did not differ between seasons or reef zones, but the composition of POM, in terms of carbon isotope ratios (d 13 C-POM), carbon to nitrogen ratios (C : N), and fatty acids, changed consistently in water flowing across the reef. Both d 13 C-POM and C : N increased from the fore reef to the reef flat and lagoon, 223.0% to 220.1% and 7.31 to 8.34, respectively. Average rates of net POM uptake by the reef community were highest over the reef crest indicating that the release of autochthonous POM may be of similar magnitude to allochthonous uptake. Examining POM dynamics in terms of gross fluxes reinforces the dependence of coral reef systems on oceanographic processes for allochthonous POM supply, as well as highlighting the potential for autochthonous POM production to supply nutrients to benthic and pelagic communities downstream.
The high productivity of coral reefs in their oligotrophic environment was historically attributed to ''tight recycling'' of nutrients within reef ecosystems (Sargent and Austin 1949; Odum and Odum 1955) . However, other than at an organism level (e.g., Muscatine and Porter 1977; Reynaud et al. 2009 ), few studies have demonstrated the significance of community-scale recycling (but see Wyatt et al. 2012a) . Instead, other processes have been proposed to explain the high productivity of reefs, including nitrogen fixation (e.g., Wiebe et al. 1975; Lesser et al. 2007 ) and large fluxes of allochthonous nutrients from the surrounding ocean (e.g., Andrews and Gentien 1982; Atkinson 1992) . While nitrogen fixation rates have been poorly quantified for most reefs, the importance of allochthonous particulate organic matter (POM) is increasingly apparent. Recent studies have demonstrated that POM may contribute significantly to reef nutrient budgets (Genin et al. 2009; Sorokin and Sorokin 2010; Wyatt et al. 2010a ) as well as influencing coral calcification (e.g., Ferrier-Pages et al. 2003; Houlbrèque et al. 2004a ) and resilience to stressors (e.g., Grottoli et al. 2006; Ferrier-Pages et al. 2010) . Understanding the importance of internal (recycling) vs. external (oceanic) processes and nutrient sources depends on quantifying the relative fluxes of allochthonous and autochthonous POM, but, as noted by Kinsey (1985) and recently reiterated (Atkinson and Falter 2003) , POM dynamics within reef ecosystems remain poorly understood.
Early ecosystem studies of coral reefs concluded that fluxes of allochthonous POM to reefs were likely minimal (Sargent and Austin 1949; Johannes et al. 1972) . POM inputs were assumed negligible based on the idea that photosynthetic organisms could produce sufficient organic matter to sustain reef productivity (Marshall 1965; Johannes 1967) , and thus was seemingly supported by the low planktonic productivity of surrounding waters and little evidence for net POM concentration changes over reefs (Sargent and Austin 1949) . It is now apparent that these early studies likely underestimated the magnitude of POM fluxes for several reasons. Firstly, the POM sampling focused on the larger, yet less abundant, size fractionsoften collected with plankton nets (. 60 mm)-and thus likely missed the majority of the POM (recognized as early as Marshall 1965) . POM in oligotrophic reef waters has since been shown to be dominated by the smallest size fractions , 5 mm (e.g., Ferrier-Pages and Gattuso 1998; Wyatt et al. 2010a) . Further, uptake rates are higher for pico-and nanoplankton than for larger cells, independent of their greater abundance (e.g., Houlbrèque et al. 2004b; Patten et al. 2011) . Secondly, simultaneous uptake and release of different components of the POM pool mean that inferences from net POM concentration changes are likely to obscure the true magnitude of fluxes; substantial allochthonous POM uptake may be balanced by autochthonous POM release (Johannes 1967) . Thus, gross, rather than net, fluxes are likely to be required to properly understand POM dynamics. Given the challenges of quantifying gross fluxes from multiple POM sources on a reef, few studies have comprehensively examined reef POM dynamics at an ecosystem scale.
There are several possible approaches to examining ecosystem-scale POM dynamics. One is to examine components of the POM pool in isolation, such as the release of coral mucus, or the uptake of zooplankton or phytoplankton. By focusing on changes in phytoplankton concentrations, several recent ecosystem-scale studies have demonstrated high allochthonous fluxes into reefs (Yahel et al. 1998; Genin et al. 2009; Wyatt et al. 2010a ). For instance, Wyatt et al. (2010a) found that allochthonous fluxes at Ningaloo Reef, Western Australia, were significant, and likely to depend on the dynamics of a regional current system and pelagic productivity over a large spatial scale. Under controlled laboratory conditions, a variety of reef organisms have been shown to be able to produce both dissolved organic matter and POM in significant quantities (Richman et al. 1975; Tanaka et al. 2008; Haas et al. 2011) , and mucus aggregates have long been thought to dominate POM in reef waters (Johannes 1967; Qasim and Sankaranarayanan 1970) . However, the relevance of these laboratory studies to whole reef communities is yet to be determined. A second approach to quantifying gross POM fluxes is to examine changes in the composition of the total POM pool, such as isotope and carbon to nitrogen ratios (Hata et al. 2002) , and relate this to the composition of possible sources. In this study we combine both of these approaches; previous estimates of allochthonous POM uptake (Wyatt et al. 2010a ) are combined with measurements of the net fluxes and changes in total POM composition over the same section of Ningaloo Reef. By quantifying and comparing independent estimates of gross fluxes, the study aimed to elucidate the relative significance of autochthonous and allochthonous POM for a reef community at the ecosystem scale.
Methods
Site description-The study site and sampling stations are described in detail in Wyatt et al. (2010a Wyatt et al. ( , 2012a . Briefly, Sandy Bay, Ningaloo Reef, is located along the North West Cape of Western Australia ( Fig. 1) and exhibits a typical reef morphology and composition for Ningaloo (Wyatt et al. 2010a ). Water and benthic samples were collected along the dominant wave-driven flow path from the fore reef (Sta. 1 and 2), across a shallow (, 1.5 m deep) reef flat stretching , 500 m shoreward of the surf zone (Sta. 3 to 4) and into a , 500 m wide, , 2-3 m deep lagoon (Sta. 5 to 6; see Wyatt et al. 2010a for more details on hydrodynamics). The consistency of wave forcing and the low tidal range (averaging 0.7 m) at the study site generate consistent unidirectional cross-reef flow over the reef flat (ocean to lagoon) that varies little over tidal cycles, i.e., the circulation is primarily controlled by variability in the incident wave conditions alone (Wyatt et al. 2010a; Taebi et al. 2011) . Reef flat and slope communities are typical of the region, dominated by scleractinian hard corals (Acropora spp.) with increasing dominance by Porifera (sponges) and Alcyonaria (sea whips and gorgonians) below 30 m (Wyatt et al. 2010a) . Scleractinian corals (Acropora spp.) dominate live coral cover over the depth range that sampling was conducted, apart from within the sandy lagoon (Wyatt et al. 2010a ).
Field experiment overview-Three separate field experiments of 3-6 weeks' duration were conducted in both autumn (May 2007 and May 2008) and spring (November 2008) . These two seasons, respectively, occur near the peak (, 28uC) and minimum (, 24uC) water temperatures and planktonic productivity adjacent to Ningaloo, while experiencing similar midrange seasonal photosynthetically active radiation (, 600 mmol quanta m 22 s 21 ) (Wyatt et al. 2010a; Falter et al. 2012; Rousseaux et al. 2012) . During each study, water column sampling was regularly conducted at six stations along the consistent and well-documented cross-reef flow path described above. Due to the time required to collect and analyze water samples, it was generally not possible to sample all stations each day: instead, a subset of the stations was typically sampled on different days. The exception was during November 2008 when most stations (i.e., 1-4) were sampled simultaneously on most days.
Sampling and analysis procedures-At each station, two replicate 20 liter surface-water samples were collected in carboys and filtered within 2 h for dissolved nutrient, chlorophyll a (Chl a), and POM analysis (Table 1) . Chl a and dissolved nutrient (inorganic and organic) data are presented in detail elsewhere (Wyatt et al. 2010a (Wyatt et al. , 2012a . Particulate organic carbon (C) and nitrogen (N) concentrations (POC and PON, respectively) and isotope ratios (d 15 N-POM and d 13 C-POM, see below) were obtained by filtering 4 liters of water through precombusted (500uC, 6 h) glass-fiber filters (GF/F, Whatman) and acidifying to remove inorganic carbon after being dried for 24 h. Acidification was performed by fumigation with 12 mol L 21 HCl (May 2007) or dropwise addition of 1 mol L 21 HCl (May and November 2008), before being redried for 24 h.
Dried filters were combusted to N 2 and CO 2 in tin capsules (12 3 5 mm, SerCon) using an automated nitrogen and carbon analyzer for gas, solids, and liquids (ANCA-GSL, Europa Scientific). The N 2 and CO 2 were purified by gas chromatography and the N and C elemental composition and isotope ratios determined by continuous-flow isotope ratio mass spectrometry (20-20 IRMS, Europa Scientific). Nitrogen isotope ratios (d 15 N) are reported in parts per thousand (per mill, %) relative to N 2 in air and carbon isotope ratios (d 13 C) relative to Pee Dee Belemnite (V-PDB) according to the following formula:
where X is 15 N or 13 C and R is the ratio of heavy to light isotope ( 15 N : 14 N or 13 C : 12 C Acid fumigation (used only in May 2007) was insufficient for eliminating the large amounts of resuspended carbonate sand found in reef waters, leading to erroneously high POC concentrations and isotope ratios (see Results). In agreement with the standard method proposed by Jacob et al. (2005) , direct application of acid in sparing quantities, with no rinsing, appeared to be the most effective method for removing most of the carbonate signal, without altering d 15 N-POM (comparing May 2007 and May 2008; F 1,65 5 0.656, p 5 0.421). Direct acidification largely eliminated any evidence of carbonate from samples; a small number of Fig. 1 . Sandy Bay, Ningaloo Reef, Western Australia, showing Sta. 1 to 6 in red. Lagrangian drifter tracks in blue and arrows demonstrate the prevailing wave-forced flow path along which sampling was undertaken: Across the reef crest (from Sta. 2 to 3), into the lagoon (Sta. 3 to 4 and 5), and out the channel (at Sta. 6); for further details on the hydrodynamics of the site see Wyatt et al. (2010a). reef slope samples (3) from 2008 still had elevated d 13 C values above an arbitrary high value (29%) and were excluded from the POC analysis. Since the method of acidification had no effect on PON, the POC values from May 2007 were also corrected based on estimates of POC corr. and particulate inorganic carbon (PIC 5 POC 2 POC corr. ) concentrations from Eq. 2:
by assuming a representative d 13 C value for biogenic carbonate, d 13 C CaCO 3 , e.g., approximately 26% (Blanchet et al. 2012) . Calculations were performed on atom percent data (e.g., % 13 C) rather than the d values calculated from Eq. 1. A limited number of samples were also obtained in May 2008 for POM fatty acid analysis (FA-POM) by filtering 8 liters onto GF/Fs and using the method described in Hanson et al. (2010) . Briefly, fatty acid methyl esters (FAME) were analyzed by gas chromatography (GC) using a HewlettPackard P 5890 GC system equipped with a flame ionization detector and Agilent Technologies 6890. Fatty acid structures were confirmed by gas chromatography-mass spectrometry of the FAME using an Agilent Technologies 6890N network GC System and 5973 Network Selective Detector.
POM fluxes-Net POM fluxes to and from the benthos were estimated using the same method described in detail in Wyatt et al. (2010a) . Briefly, the net flux, m i , between each pair of sampling stations, i and i + 1, can be estimated based on the concentration change, DC i 5 C i -C i+1 and the distance, Dx i 5 |x i -x i+1 |, between stations: 
where C i was estimated from the average concentration between adjacent stations, i.e., C i 5 (C i + C i+1 )/2. As detailed in Wyatt et al. (2010a) , the m estimated from Eq. 4 can be spatially integrated in the cross-shore direction to provide an estimate of the total nutrient removal rate M per unit of alongshore reef width, by the active zone of the reef (Wyatt et al. 2010a : the three zones between Sta. 1 and 4):
The net fluxes m calculated using Eq. 4 are likely to reflect the simultaneous gross uptake of POM (J + ) and gross release from autochthonous sources (J 2 ) within each reef zone (Wyatt et al. 2012a) , such that:
A list of symbols and variable definitions is summarized in Table 2 .
POM sources-The C and N composition of potential POM sources was determined from concurrent sampling during the study periods. Coral mucus, coral zooxanthellae, fish feces, macroalgae, and zooplankton were analyzed for d 15 N, d 13 C, and C : N. Coral mucus was sampled directly from a range of coral specimens soon after collection using a 60 mL syringe and pre-combusted GF/ F filters (mainly Acropora but also Porites, Pocillopora, Fungia, Echinopora, Galaxea, and others). Coral zooxanthellae were isolated from host tissue and collected on GF/ F by airbrushing tissue from the skeleton and centrifuging at 5000 revolutions per minute, rinsing three times. Attached macroalgae were sampled directly from the reef (mainly Turbinara, Sargassum, and Halimeda), whereas zooplankton were sampled using 10 min tows of a 105 mm plankton net (data pooled for all size fractions). Values for fish feces were inferred from fish gut samples, collected as described in Wyatt et al. (2010b) . All samples were dried for 24-48 h at 60uC and acidified as appropriate prior to isotope analysis as above. Representative values for allochthonous phytoplankton (d 15 N, d 13 C, and C : N) were determined from POM samples collected in the surface layer offshore from Ningaloo during May and November 2008 (surface layer, up to 130 m water depth and 10 km offshore; C. Rousseaux unpubl.).
Sedimentary organic matter (SOM) was not considered as an independent source in the model for two reasons. Firstly, at this site a significant contribution from SOM is likely to depend on a sufficiently strong disturbance event to mix sediments from within the reef framework into the water column. Secondly, SOM itself was considered likely to be largely composed of a combination of the sources identified above. This assumption was supported by tissue isotope measurements of SOM-consuming holothurians conducted during the study period (d 15 N , 7.3% 6 0.3% and d 13 C approximately 215.8% 6 2.3%; A. S. J. Wyatt unpubl. data); taking average fractionation factors (2.3% and 0.5%, respectively; McCutchan et al. 2003) would suggest SOM of a similar isotopic range as coral and macroalgae, although the few holothurians sampled on the fore reef displayed d 13 C values suggesting a significant contribution from phytoplankton to the SOM in those habitats.
Statistical analysis-Statistical analysis focused on a multivariate approach, supported by univariate analyses of individual parameters identified in the multivariate patterns. Univariate analysis of between-group differences was performed in Predictive Analytics SoftWare version 18.0. A general linear model ANOVA was used to test for significant differences between groups after confirming homogeneity of variance using Levene's Test. Post hoc differences were examined with Fisher's Least Significant Difference test.
Multivariate analyses of chemical composition were performed in Primer version 6 (PRIMER-E) based on Euclidean Distances calculated from normalized d 15 N, d 13 C, and C : N values, or in the case of FA-POM from percentage composition of 41 fatty acids. A nonmetric multidimensional scaling plot (nMDS; 100 restarts) was used to visualize multivariate patterns, prior to betweengroup analysis of similarities (ANOSIM) or permutational multivariate analysis of variance (PERMANOVA). The Isotope model-Isotopic estimation of the proportional contribution of POM sources (see above) to the total POM pool P iso was undertaken using a fully Bayesian approach in the Stable Isotope Analysis in R (SIAR) package (Parnell et al. 2010 ). The isotope model was run both uninformed and using informative priors. Informative priors were calculated for each source based on independently measured declines in phyto-and zooplankton. The contribution of phytoplankton to the total POM at each station P Chl was determined using phytoplankton nutrient concentrations from Wyatt et al. (2010a) (see Table 7 ). Zooplankton were considered to be a minor contributor to POM because the biomass of zooplankton is likely to be a small component of the total particulate matter (e.g., , 10-20% of the organic carbon; Sorokin and Sorokin 2010) and most zooplankton, especially larger or more mobile species, are likely to avoid capture in water samples collected in a carboy (as opposed to plankton net tows). Zooplankton contributions were constrained based on estimates of total zooplankton biomass (100-2000 mm) made across the reef during 2007 using image analysis of preserved zooplankton tow samples: 12 6 5 mg C L 21 on the fore reef and 1.2 6 0.2 mg C L 21 within the reef, or 21% and 1% of the total POC, respectively (Philp 2007) . These estimates are conservatively high, since the biomass estimates of smaller zooplankton (100-300 mm), i.e., those more likely to be captured in our carboy samples of POM, were an order of magnitude lower than those above (Philp 2007) . The remaining prior contribution provided to the informed model was divided equally between coral mucus, coral zooxanthellae, and macroalgae, as no prior information was available to constrain their likely contributions. Concentration dependence was incorporated into the model based on the measured C : N ratios of each POM source (Table 8) .
Results
POM concentrations-Although PON concentrations ranged between , 2.5 and 22 mg PON L 21 during the four experiments, there was little evidence of marked cross-reef changes or seasonal differences (Fig. 2a ). There were no significant differences in PON concentrations between seasons or a season 3 station interaction in the ANOVA model. On a seasonally averaged basis, there was a significant difference in PON between some stations across the reef crest (F 5,128 5 3.08, p , 0.05), with PON concentrations higher at Sta. 2 compared to Sta. 3 and 4, as well as at Sta. 1 compared to Sta. 3. High variability Fig. 2b ).
Also consistent with the influence of carbonate sands, the C : N ratio was significantly higher in May 2007 than in May 2008 (mean difference 4.89) and November 2008 (mean difference 4.47; Fig. 2c ; F 2,115 5 131.2, p , 0.001). There was no significant interaction term in the ANOVA model for C : N, implying that the pattern of increasing C : N ratios across the reef was the same between seasons and independent of carbonate contamination (F 5,115 5 8.878, Table 1 ). p , 0.001). Focusing on 2008 data only, C : N was lower on the fore reef (Sta. 1 and 2) than the reef flat and lagoon (Sta. 3-5), with averages of 7.31 and 8.34, respectively (Table 3) .
Changes in the ratio between dissolved organic matter (DOM) and POM (DOM : POM) has been identified as a possible means of determining the source of organic matter release over reefs (Tanaka et al. 2008 ). The DOM : POM ratio (data not shown), based on DOM concentrations from Wyatt et al. (2012a) , did not display any evidence of seasonal or cross-reef change during 2008, with dissolved organic nitrogen (DON) : PON averaging 17.0 6 0.80 and DOC : POC averaging 41.7 6 2.9. There was some evidence of increases in both DON : PON and DOC : POC over the reef crest (i.e., at Sta. 3; 19.1 6 2.1 and 53.9 6 9.1), and in DON : PON during passage through the lagoon, but high variability in DOM concentrations prevented any differences from being statistically significant (Wyatt et al. 2012a ).
POM isotopes-There was no evidence of significant changes in d 15 N-POM between seasons or stations ( Fig. 3a) , although fore reef values (Sta. 1) were much more variable in November 2008. In contrast, a consistent significant increase in d 13 C-POM occurred across the reef (Fig. 3b) . Although The FA-POM collected in May 2008 also demonstrated significant differences between stations in multivariate space ( Fig. 4a ; pseudo-F 5,8 5 1.66, p perm , 0.05). Pairwise testing revealed that differences were largely driven by FA-POM differences between the fore reef (Sta. 1) and reef flat (Sta. 3 and 4), with seven fatty acids displaying very high correlation (r . 0.80) with the multivariate pattern displayed in the nMDS (Fig. 4a) . The fore reef region of the nMDS was positively correlated with two monounsaturated acids, C18:1n-9c (correlation in two dimensions, 0.94) and C18:1n-12 (0.88), and the polyunsaturated linoleic acid, C18:2n-6c (0.87). The reef station region of the nMDS was correlated with the saturated acids palmitic acid, C16:0 (0.86), and lignoceric acid, C24:0 (0.83), the monounsaturated palmitoleic acid, C16:1n-7 (0.82), and polyunsaturated docosaenoic acid, C22:2 (0.83).
The spatial contributions of the fatty acids identified above (Fig. 4b) , comparing the fore reef (Sta. 1 and 2) and the reef flat (Sta. 3 and 4) where replicate samples were obtained, indicated significant increases in C16:0 (F 3,9 5 7.23, p , 0.01) and C24:0 (F 3,9 5 4.00, p , 0.05). Palmitoleic acid, C16:1n-7 (F 3,9 5 6.21, p , 0.05), and docosaenoic acid, C22:2 (F 3,9 5 5.07, p , 0.05), also increased significantly between the fore reef and reef flat, although they were not significantly elevated relative to the fore reef at one reef flat station (Sta. 4 and Sta. 3, respectively). The polyunsaturated fatty acid (PUFA) C18:2n-12 declined slightly, being significantly lower on the reef flat than at Sta. 1 (F 3,9 5 5.89, p , 0.05). Despite the marked decline in the PUFA C18:1n-9c, differences were not significant on a station basis due to the variability at Sta. 2 (F 3,9 5 3.72, p 5 0.055). Similarly, despite its correlation with the multivariate pattern, the decline in another PUFA, C18:2n-6c, was not significant due to the high variability on the fore reef (F 3,9 5 2.10, p 5 0.17).
Net POM fluxes-Net fluxes of PON and POC calculated on a daily basis were highly variable and did not show consistent patterns across seasons or reef zones (Table 4 and Table 5 , respectively). Release (negative m) tended to prevail on the fore reef while uptake (positive m) was highest over the reef crest. In agreement, net PON uptake rates m were significantly higher over the reef crest than on the fore reef (F 3,48 5 3.18, p , 0.05), although there were no significant differences in PON uptake coefficients S between zones (F 3,48 5 2.03, p 5 0.122) or seasons (F 2,48 5 0.915, p 5 0.407), or an interaction (F 5,48 5 1.37, p 5 0.254). Similarly, POC net uptake rates m or uptake coefficients S did not differ between zones (F 3,44 5 1.57, p 5 0.211 and The net flux per unit reef width M (Eq. 6) indicated that the active zone of the reef (sensu Wyatt et al. 2010a : from Sta. 1 to Sta. 4) was generally a net sink for PON during both May and November 2008 (55.6 6 19 and 20.9 6 11 g m 21 d 21 , respectively), with evidence of some day-today variability (Fig. 5a and Fig. 5c, respectively) . Net POC fluxes per unit width were more variable, shifting between a sink and source between days, particularly during November 2008 (Fig. 5d) (Table 8) in multivariate space (pseudo-F 5,446 5 44.4, p perm , 0.001). ANOSIM further suggests that oceanic POM (Sta. 1-2) and reef POM (Sta. 3-5) were most similar to zooplankton in composition (Table 9) . Interestingly, coral mucus and zooxanthellae, and fish feces and zooplankton, respectively, had similar compositions, perhaps indicative of their respective origins.
When examined by individual parameters, d 15 N was significantly higher in fish feces and lowest in macroalgae, coral mucus, and coral zooxanthellae (F 5,473 5 59.0, p , 0.001). The d 13 C of coral-based sources (mucus and zooxanthellae) were both significantly higher than other sources at 215.6% and 214.3%, respectively, whereas phytoplankton and zooplankton were significantly lower (F 5,468 5 114, p , 0.001). Macroalgae had significantly higher C : N ratios at , 25 compared to other POM sources at , 7-9 (F 5,467 5 72.0, p , 0.001).
Source contributions based on isotope modeling-POM isotopes suggested a cross-reef shift in d 13 C-space towards autochthonous sources (Fig. 6) . The uninformed and informed Bayesian isotope models provided different, but complementary, pictures of changes in POM isotope composition across the reef (Fig. 7) . The isotopic contribution P iso from phytoplankton was greater on the fore reef, declining across the reef from , 72% to , 20%. The phytoplankton proportion of total POM based on Chl a data from Wyatt et al. (2010a) P Chl also declined significantly across the reef for both PON and POC (F 5,82 5 5.53, p , 0.001 and F 5,72 5 10.9, p , 0.001, respectively), but was , 30-45% on the fore reef (Sta. 1 and 2) compared to , 14-24% in the lagoon (Sta. 4-6; Under both models, autochthonous sources generally increased across the reef, with the magnitude varying depending on the prior information used. In the uninformed model, autochthonous sources increased from , 4-6% on the fore reef to being almost equal to phytoplankton in the lagoon (, 14-17%). In the informed model, where the contribution of zooplankton was constrained using prior information, autochthonous sources increased from lower levels (, 1-4%; Fig. 7b ), again equaling phytoplankton in the lagoon (, 20%). Only macroalgae seemed to show any distinct separation from other autochthonous sources; P iso for macroalgae was lower outside the reef (, 2%) and on the reef flat and lagoon (, 4-5%), but increased markedly in the channel (Sta. 6; , 14%).
Estimated gross POM fluxes-Based on the measured net POM fluxes and composition changes described above we can begin to estimate gross POM fluxes in one of two independent ways. Firstly, by comparing to independently measured gross fluxes of allochthonous POM, obtained by combining uptake estimates associated with phyto- (Wyatt et al. 2010a ) and bacterioplankton (Patten et al. 2011) particulate nitrogen (PON p + PON b ) and carbon (POC p + POC b ). This approach assumes that the release of cells from the reef, or cell growth during passage over the reef, is negligible, and that POM uptake is predominately of these non-detrital components; e.g., for N:
The first assumption is supported by previous studies, with growth of phytoplankton (Wyatt et al. 2010a ) and bacteria (Patten et al. 2011) , as well as release from the reef, likely to be minimal and thus the gross ''release'' of phytoplankton and bacteria can be assumed close to zero. The second assumption also appears reasonable, with picophytoplankton likely to dominate particle uptake estimates (e.g., relative to bacteria and viruses; Patten et al. (2011) ) and the present study lending strong support to the importance of non-detrital fluxes to the net POM flux (see above). Thus, under both assumptions, gross release rates can be estimated using the measured net fluxes (m) and Eqs. 7 and 8, e.g., for N:
Gross POM release rates estimated in this way appeared to be on the same magnitude as uptake for both PON and POC (Table 6) , although positive values for J 2 over the reef crest suggest that the assumptions are not valid in that (17) 14.460.8 (37) zone (i.e., net uptake exceeding the combined uptake of phyto-and bacterioplankton may indicate significant uptake of other sources over the reef crest such as zooplankton, see Discussion).
A second approach to estimating gross POM fluxes depends on combining the measured POM concentrations with the modeled isotopic proportions of the total POM P iso (detailed above). We can estimate the isotopically constrained net flux m iso for each POM source j based on the change in P iso for that source over each reef zone i based on Eq. 2:
where C represents the concentration of either PON or POC, as detailed above for Eq. 2. As expected based on the similarity in model outputs, the uninformed model produced similar estimates of gross flux rates, although tending to underestimated autochthonous release relative to the informed model (Table 10) . Interestingly, the uptake of phytoplankton averaged over the reef did not vary greatly between the uninformed and informed models, with N uptake averaging 2. (Table 10) equates to 26-33% of J { PON (Table 6) , while approximately 215 mmol POC m 22 d 21 (Table 10) equates to 17-45% of J { POC (Table 6 ).
Discussion
POM dynamics on coral reefs have rarely been quantified at ecosystem scales, and this is the first study to estimate and compare gross POM uptake and release rates. Historically, the lack of comprehensive POM studies on reefs has impeded understanding of the factors influencing POM dynamics. This is perhaps a reflection 
Parameter
Coral mucus (142) of early reef studies in which only small gradients in POM concentrations were observed, and where POM concentrations were low, e.g., 1.7-4.2 mmol POC L 21 at Eniwetok in the Marshall Islands (Gerber and Marshall 1982) . Many coral reefs, however, exist under conditions of naturally relatively high POM, particularly in areas with large terrestrial inputs or macroalgal biomass, e.g., 27-124 mmol POC L 21 at the Houtman Abrolhos, Western Australia (Hatcher 1983) , suggesting that significant variability in POM dynamics should occur between reefs. At Ningaloo, POM concentrations were at the lower end of the typical range observed over reefs (2.2-8.7 mmol POC L 21 and 0.1-2.5 mmol PON L 21 ; Atkinson and Falter 2003) , but our approach revealed rates of POM uptake and release that were far from negligible (Table 6 ). The Ningaloo reef crest was a consistent net sink for POM, especially during autumn (May), while the reef flat was a consistent net source. The variability in net POM fluxes highlights how the importance of autochthonous and allochthonous POM may differ seasonally in response to oceanographic changes, with further spatial changes within and between reef systems based on biophysical zonation.
Allochthonous POM uptake-The importance of allochthonous (oceanic) POM inputs in reef-level nutrient budgets has been documented for Ningaloo Reef (Wyatt et al. 2010a; Patten et al. 2011) , as well as others in the Red Sea and Caribbean (Yahel et al. 1998; Genin et al. 2009; Monismith et al. 2010) . In this study the observed changes in POM composition across the reef, as measured by changes in d 13 C-POM and C : N ratios, as well as the correlation between total POM (m) and phytoplanktononly (m PONp and m POCp ) fluxes, reinforce the important role of phytoplankton as an allochthonous source of nutrients at Ningaloo. Declines in C 18 PUFAs (Fig. 4b) lend further support to high rates of phytoplankton uptake across the reef (Volkman et al. 1998; Lang et al. 2011) .
Given the role of phytoplankton supply, POM dynamics are likely to exhibit strong seasonal and spatial variability in response to changes in offshore planktonic productivity. Indeed, variation in the supply and uptake of phytoplankton explained 40% of the change in net POM fluxes over the reef crest and flat. Increased supply of phytoplankton to the Ningaloo fore reef during the autumn has been shown to result from an autumn phytoplankton bloom that occurs off this coast (Wyatt et al. 2010a; Rousseaux et al. 2012) . In agreement, in the present study net POM uptake, although variable, was up to two orders of magnitude higher over the reef crest during autumn (May) compared to spring (November; Table 6 ). In the spring and summer, sporadic upwelling of deep nutrients can also influence the biogeochemistry of waters adjacent to Ningaloo (Hanson et al. 2005; Wyatt et al. 2010a Wyatt et al. , 2012a ). Higher and more variable d 15 N-POM on the fore reef in November (Fig. 3a) suggests the sporadic incorporation of deep, isotopically heavy nutrients into the reef POM supply. In contrast to the reef crest, net fluxes on the reef flat were generally consistent between autumn and spring, suggesting that temporal variability is most pronounced seaward of the reef crest, with a damping of both physical and biogeochemical variations over the reef.
Isotope modeling allows independent verification of the magnitude of previous phytoplankton flux estimates (Genin et al. 2009; Wyatt et al. 2010a) . Modeled uptake of phytoplankton m iso over the fore reef and reef crest in this study (, 4 .0 and 21 mmol N and C m 22 d 21 ; Table 10 ) agreed with previous estimates at Ningaloo based on measurement of declining phytoplankton (Chl a) concentrations, e.g., 2-5 and 14-29 mmol N and C m 22 d 21 (Wyatt et al. 2010a ). Isotope modeling also produced a similar spatial picture of phytoplankton fluxes, although m iso estimates over the reef flat were lower than previous Chl a estimates. A large part of this discrepancy may relate to error associated with inferring nutrient fluxes from changing Chl a concentrations, with nutrient to Chl a ratios subject to inherent spatial variability. For example, the phytoplankton proportion of the total POM based on Chl a concentrations P Chl were much lower on the fore reef (30-45%; Table 7 ) compared to isotopically modeled P iso (, 72% ; Fig. 7b) ; however, they were similar in the lagoon, at least for nitrogen (, 24% compared to , 20-22%, respectively). Although the magnitude of fluxes inferred from isotope modeling have some uncertainty, taken together with previous studies, the present study strongly supports the importance of allochthonous oceanic nutrient inputs from phytoplankton for Ningaloo's reef communities.
In some cases the combined uptake of phyto-and bacterioplankton from Wyatt et al. (2010a) and Patten et Table 6 ) and suggests significant uptake of other components of POM in this zone, such as zooplankton or detritus (e.g., macroalgae, fish feces). Zooplankton over reefs have been studied at a variety of scales, largely focusing on the importance to individual coral species (Yonge 1930; Johannes et al. 1970; Sebens et al. 1996) with only limited studies on reef-scale dynamics (Hamner et al. 1988 (Hamner et al. , 2007 . The ecosystem-scale importance of allochthonous zooplankton may have received limited attention as zooplankton are often assumed to represent a minor nutrient source based on their low abundance and low encounter rate with zooplankton feeders such as corals (Johannes et al. 1970) . Our isotope modeling indicates that zooplankton can make an important contribution to reefscale nutrient budgets: almost as much nitrogen may be supplied to the reef crest from zooplankton as from phytoplankton (m iso , 2.7 mmol N m 22 d 21 compared to 4.0 mmol N m 22 d 21 , respectively; Table 10 ), but with Fig. 7 . Cross-reef proportional contributions, P iso , of various POM components to the total POM pool based on (a) uninformed and (b) informed concentration-dependent Bayesian modeling (SIAR) of POM isotope ratios. The modeled P iso for allochthonous POM (phytoplankton) supports previous estimates of oceanic nutrient input to this reef, whereas the increasing P iso of autochthonous sources across the reef supports the high rates of POM release estimated from mass balance (i.e., J 2 ; Table 6 ). See Table 10 for conversion of P iso values to nutrient flux estimates (m iso ) based on Eq. 10. negligible inputs over the reef flat and lagoon. The m iso uptake estimates can be independently verified from direct observations of zooplankton abundance. The , 11 mg C L 21 decline in total zooplankton observed between Sta. 2 and 3 (245 m) by Philp (2007) can be converted to a POC flux using Eq. 4 of , 64 mmol POC m 22 d 21 by taking an average cross-reef volumetric flux of 0.20 m 3 s 21 (per meter of reef width; Wyatt et al. 2010a ). Using C : N ratios from Table 8 , this suggests a zooplankton uptake of , 7.2 mmol N m 22 d 21 over the reef crest; this is even higher than the isotope model estimates, perhaps a reflection of the fact that zooplankton m iso only represents the smaller size fractions filtered from the carboy samples (see Methods). Zooplankton uptake over the reef crest during the autumn may thus explain 32% and 73% of the observed net PON and POC uptake in this zone. Such localized zooplankton uptake may reflect intense grazing by aggregations of zooplanktivorous fishes observed at the reef crest (Wyatt Table 9 . ANOSIM of composition (d 15 N, d 13 C, and C : N) between oceanic POM (Sta. 1-2), reef POM (Sta. 3-6), and potential POM sources. All groups were significantly different except coral mucus and coral zooxanthellae (coral zoox.; ns, not significant). The most similar groups are shown in bold (low R statistics, , 0.20) and included POM (ocean) and POM (reef), POM (both groups) and zooplankton, and zooplankton and fish feces.
POM (ocean)
POM ( Table 10 . Isotopically constrained estimates of gross PON and POC fluxes (m iso , mmol m 22 d 21 ) from POM sources identified a priori. Estimates are based on Eq. 10 using the change in measured total PON or POC concentrations and modeled isotopic proportions P iso of each source in each zone (see Fig. 7) . A reef-scale average across all zones is shown, with results for both the uninformed and informed models included for comparison. Data are mean 6 standard error, showing the number of values used in the calculations for each zone (n).
Source
Reef scale ( Hamner et al. (1988 Hamner et al. ( , 2007 . These aggregations may themselves form in response to increased prey abundance due to physical aggregation, habitat preferences, and reef-derived nutrient sources close to the reef (Wyatt et al. 2012a) Table 10 ).
Autochthonous POM release-While this study suggests that POM dynamics, at least over the reef slope and crest of Ningaloo, are likely to be dominated by allochthonous inputs, significant gross release from autochthonous sources was also evident, underscoring the potential for nutrient recycling within the reef ecosystem. Mass balance estimates of POM release J 2 were of similar magnitude to the observed net flux m (Table 6) ; the isotopically modeled releases m iso from autochthonous sources were also a major (e.g., about one-third) component of overall fluxes. This highlights the risk of underestimating the significance of reef-level POM exchange, from both allochthonous and autochthonous sources, if net concentration changes are considered without estimating relative gross fluxes.
In the absence of large concentration changes concomitant with allochthonous uptake, simultaneous release of autochthonous POM is the most plausible explanation for the cross-reef changes in POM composition. While allochthonous flux estimates appear to be robust, and were independently quantified based on phyto-and zooplankton concentration changes, the interpretation of autochthonous fluxes may require greater caution. For instance, it is possible that the cross-reef changes in POM composition reflect the removal of isotopically light C, relatively N-rich allochthonous nutrients from the water column by reef organisms, leading to increasing d 13 C and C : N ratios in the remaining POM. However, there was little evidence of changes in cross-reef concentrations to support changes in POM composition driven solely by plankton removal, nor was there a correlation between phytoplankton uptake and the changes in POM composition (e.g., m POCp vs. D-d 13 C).
Autochthonous POM may come from a variety of sources, with only about one-third of the gross release rates J { PON estimated from the mass balance on the reef flat (e.g., approximately 26 to 28 mmol N m 22 d 21 ; Table 6 ) being explained by the autochthonous sources we modeled (e.g., approximately 22.0 mmol N m 22 d 21 ; Table 10 ). As a result, either modeling underestimated release rates or other significant sources should also exist. Separating the individual contribution of the POM sources modeled proved very difficult on the basis of isotopes alone, even when constraining the model with independently estimated declines in phytoplankton (Wyatt et al. 2010a ) and zooplankton (Philp 2007) . Despite the sources representing a range of distinct isotopic compositions, relatively equal releases were estimated from coral mucus, coral zooxanthellae, fish feces, and macroaglae across the reef. However, combination with the fatty acid data suggests that coral mucus and fish feces were relatively more significant sources of ecosystem-scale POM over this reef. Indeed, zooplankton aside (ANOSIM R 5 0.13; Table 9 ), POM over the reef had a C and N composition most similar to fish feces and coral mucus (both R 5 0.39).
The potential role of fish feces in reef nutrient cycling has been implicated in several studies (Hamner et al. 1988 (Hamner et al. , 2007 Pinnegar and Polunin 2006) . Spatial and temporal variability in fish grazing is likely, such as in response to changes in planktonic prey abundances (Pinnegar and Polunin 2006) . Indeed, given the rapid decline in zooplankton over the reef crest, it could be expected that a proportion of this would be converted to fish feces, which is supported by the similarity in compositions of fish feces and zooplankton (R 5 0.19; Table 9 ). Even based on the high absorption efficiencies of , 91% for planktivore grazing (Pinnegar and Polunin 2006) (Table 10) . High rates of fecal production from zooplankton grazing could be expected to be restricted to the fore reef where zooplankton (Hamner et al. 1988 (Hamner et al. , 2007 Philp 2007) and planktivorous fish aggregations are generally highest (Hamner et al. 1988; Friedlander et al. 2010; Wyatt et al. 2010a ). However, feces release was estimated to be highest over the reef flat (e.g., approximately 21.1 mmol PON m 22 d 21 ; Table 10 ) where high abundances of herbivorous fishes such as Acanthurus triostegus (pers. obs., A. S. J. Friedlander et al. 2010 ) may have a major influence on POM dynamics due to low assimilation efficiencies (Chartock 1972) . Chartock (1972) estimated around approximately 276 mmol POC m 22 d 21 may be defecated by A. guttatus at Eniwetok Atoll. Assuming a C : N ratio as observed for fish feces in the present study (6.9; Table 8), this equates to approximately 211 mmol PON m 22 d 21 released from a single species of herbivorous grazer. This estimate is clearly higher than the modeled m iso for fish feces, but confirms that continuous feces production by a range of trophic groups of fishes may have a significant influence on reef-level POM dynamics.
The increasing recognition of the role of coral mucus in reef-level POM dynamics is supported by the present study (Johannes 1967; Wild et al. 2004; Tanaka et al. 2008) . Isotope modeling suggests a release of approximately 20.50 mmol PON m 22 d 21 from coral mucus, and fatty acid compositions demonstrate higher amounts of palmitic (16:0) and palmitoleic (16:1) acid on the reef flat; although ubiquitous, these are the principal acids in coral mucus (Patton et al. 1977; Means and Sigleo 1986) . Increases in C16:1n-7 may further reflect the release of mucus-associated bacteria into the water column (Tamura and Tsuchiya 2011; Van Duyl et al. 2011) , especially given that we know freeliving phyto-and bacterioplankton are rapidly removed from the water column at this site (Wyatt et al. 2010a; Patten et al. 2011 ). Published release rates for corals under culture confirm that coral mucus can potentially explain the massbalance POM release; e.g., the reef flat POC release J { POC of 233 to 286 mmol m 22 d 21 (Table 6 ). Species-specific flux estimates vary, but for Acropora spp. that dominate the reef flat at the study site they generally lie in the range 7-24 mmol m 22 d 21 (Wild et al. 2005; Tanaka et al. 2008; Nakajima et al. 2010) . Based on these estimates, coral mucus production could therefore explain up to , 70% of the estimated J { POC in May compared to , 30% in November. The increasing C : N ratios across the reef also support the role of coral mucus, with high C : N ratios of POM in experimental systems suggesting that the corals release carbon-rich POM into the water column (Tanaka et al. 2008) .
Autochthonous POM release may also have a temporal component related to changes in autotrophic production (e.g., reflected in daily changes in M POC ; Fig. 5 ). For instance, seasonal changes in detritus supply can occur due to macroalgal growth and senescence, while production of autochthonous POM by benthic autotrophs can vary due to changes in light levels between days (Falter et al. 2011 ). Higher production on the shallow reef flat could explain why it was a net source of POM. Ikeda et al. (1997) also observed net POC release over a reef flat, which increased with increasing rates of photosynthesis. The daily scale changes in POC flux observed in November 2008, which appeared to be decoupled from PON production (Fig. 5) , may reflect the release of carbon-rich, nitrogen-poor POM (e.g., C : N changes due to production by reef autotrophs and from coral mucus).
Fate and significance of autochthonous POM-The significance of ecosystem-scale production of autochthonous POM for coral reefs depends on the fate of the material produced, determined by both its source and composition, as well as possibly its size (Hatcher 1983) . There are several possible fates for POM over a reef (Fig. 8): (1) benthic consumption and remineralization; (2) pelagic consumption by microheterotrophs and remineralization; (3) incorporation into the sediments; and (4) export from the reef-lagoon system (i.e., onto the reef slope where any of the processes 1 to 3 may also occur; Hatcher 1983) . Larger POM aggregates such as fish feces are more likely to sink from the water column and be incorporated into reef sediments, i.e., (3), or, depending on nutrient content, be consumed by the benthos, i.e., (1) (Hamner et al. 1988; Pinnegar and Polunin 2006) . This recycling of nutrients within reefs by reincorporation of autochthonous POM by benthic organisms has been proposed as one of the mechanisms sustaining reef communities in oligotrophic environments (Sargent and Austin 1949; Qasim and Sankaranarayanan 1970; Smith and Marsh 1973) . Despite reef POM sources being of low quality compared to oceanic sources (i.e., lower N as evidenced by C : N ratios), especially for macroalgal detritus (Atkinson and Smith 1983) , and potentially fairly refractory (Ikeda et al. 1997) , there is some evidence of direct and indirect POM recycling at Ningaloo; increasing d 13 C of fishes downstream indicated increased reliance on reef-derived material (Wyatt et al. 2012b ) and rapid POM remineralization by the benthos has been shown to supply dissolved nutrients downstream (Wyatt et al. 2012a) .
In contrast to benthic consumption, significant pelagic transformations, i.e., (2), are considered less likely within the Ningaloo reef-lagoon system due to short residence times (, 2-6 h from reef crest to channel; Wyatt et al. 2010a; Taebi et al. 2011) , which suggests that a significant portion of POM produced may be exported from the system, i.e., (4). By assuming a pelagic decomposition rate on the order of 100 mg C L 21 d 21 (Sorokin and Sorokin 2010 ) and comparing to the residence time within the lagoon of , 4 h, the maximum pelagic decomposition rate is estimated as , 17 mg C L 21 over the 4 h, or about 28% of the POC concentration in the lagoon. This compares well to organic C decomposition rates of , 4-16% h 21 from Wild et al. (2008) and suggests that at least 70% of the POC released from the reef to lagoon may be transported in water flowing out channels to the reef slope. That is, (4) may be the most significant process. In agreement, Hata et al. (2002) suggested that . 80% of POC exported from a reef at Ishigaki Island is decomposed on the fore reef, and , 75% in Palau (Hata et al. 1998) . Nevertheless, autochthonous POM is likely to be a significant source for lagoonal communities in reefs with longer residence (1) benthic consumption and remineralization; (2) pelagic consumption by microheterotrophs and remineralization (, 28% of lagoonal POC in the low-residence Ningaloo lagoon); and (3) incorporation into the sediments. Estimates suggest that significant amounts (similar to 70%) of POC produced over the reef crest and flat, or , 13 3 10 9 mmol C d 21 for Ningaloo as a whole, may be (4) exported from the reef-lagoon system where it may play a role in the productivity of benthic and pelagic reef slope communities.
times (Johannes 1967; Qasim and Sankaranarayanan 1970; Gerber and Marshall 1982) , supported by the fact that lagoonal primary production in these systems is often insufficient to explain heterotrophic production (Sorokin and Sorokin 2010) .
The significance of reef-derived POM fluxes to the Ningaloo reef slope can be estimated based on average POM concentrations in the channel (Sta. 6): 0.64 6 0.04 mmol PON m 23 and 4.6 6 0.2 mmol POC m 23 . Based on estimates that the , 290 km Ningaloo reef consists of , 30 km of channels (Wyatt et al. 2010a) , and based on a volumetric flux per unit width of , 1.1 m 2 s 21 as observed out the Sandy Bay channel, the flux from Ningaloo can be estimated as , 33,000 m 3 s 21 from the reef as a whole. This suggests that the flux of POM from Ningaloo to the slope is of order , 1.8 3 10 9 mmol N d 21 and , 13 3 10 9 mmol C d 21 . The significance of this flux can be placed in context through comparison to the peak productivity adjacent to Ningaloo, taking upwelling of the Ningaloo Current as an example, with typical productivity of , 100 mmol C m 22 d 21 (Hanson et al. 2005) . Thus, to equal the reef flux in terms of POC, upwelling would need to influence the entire length of Ningaloo to a distance of , 450 m offshore. Sporadic upwelling and the autumn bloom associated with the Leeuwin Current aside (Wyatt et al. 2010a; Rousseaux et al. 2012 ), pelagic productivity is expected to be low throughout the year adjacent to Ningaloo, i.e., , 44 mmol C m 22 d 21 (Hanson et al. 2005) . The fluxes of POM from the reef are thus likely to be important in the pelagic biogeochemistry of the reef slope, and, in addition to dissolved nutrient releases (Wyatt et al. 2012a ) and possible zooplankton aggregation (discussed above), could explain why planktivorous megafauna such as the whale shark (Rhicodon typus) and manta ray (Manta birostris) aggregate close to the reef and are anecdotally observed feeding adjacent to channels. The uptake and the significance of reef-derived POM in downstream and linked ecosystems should be a priority for further investigation.
